Abstract
Introduction

24
Li-ion batteries (LIBs) are today's most effective commercial devices for electrochemical 25 energy storage, offering superior volumetric and gravimetric energy density compared with 26 other battery technologies.
1 However, LIBs typically contain highly flammable organic liquid 27 electrolytes that limit their applicability in electric vehicles and stationary energy storage 28 systems due to safety concerns. 1,2 This issue can be effectively mitigated by using solid ions has been extensively investigated in the last years.
53
Substituting LLZO with Ga ions yields relatively consistent experimental ionic conduc-54 tivities around ∼ 10 −3 S/cm, slightly decreasing with increasing Ga content. [20] [21] [22] In contrast,
55
there is significant variability in the literature regarding the conductivity of Li 7−3x Al x La 3 Zr 2 O 12
56
(Al x -LLZO), with σ Li spanning between ∼ 10 −6 and ∼ 10 −3 S/cm for x in the range 0 -0.25 57 per formula unit (pfu). 10, 38 Moreover, there seems to be no precise trend in the variation 58 of σ Li with x. For example, impedance spectroscopy measurements from Cheng et al. is, and how it varies with Al content in a perfectly non-porous, 100% pure Al x -LLZO garnet.
75
This information can guide synthesis efforts to focus on the most promising Al concentrations 76 and ultimately optimize σ Li .
77
Whilst force-field simulation studies have largely focused on the diffusion of Li ions in pris- Figure 2: Experimental ionic conductivity ratio log(σ exp /σ exp, min ) as a function of Al content, x, at 298 K in Al x -LLZO. σ min refers to the lowest conductivity at each concentration. The square, triangle and diamond symbols correspond to experimental data in cubic, tetragonal and a combination of both phases, respectively. Data are taken from individual experimental works, and the numbers next to each data point correspond to the reference numbers for each source.
have been published on force-field simulations of ionic transport in Al-substituted LLZO. 
94
In this study, we provide ideal upper and lower limits for σ Li in Al x -LLZO, and demon-95 strate that in a perfect c-phase garnet the addition of Al leads to a monotonic reduction of σ Li .
96
In contrast, σ Li increases in t-Al x -LLZO when increasing the Al content. This phenomenon 97 is explained by examining the integrated radial distribution functions. The possibility of c-
98
and t-phase coexistence has been proposed by several authors and it could partially explain 99 why the deviations between simulated and experimental data are particularly large at low 100 values of x. So, in addition, we use effective medium theory to examine the proportions un-
101
der which c-and t-phases would need to coexist in order to reproduce reported experimental 102 conductivities.
103
The paper is structured as follows: In Section 2, the details of the atomistic models 104 and the corresponding force-field parameters specifically derived for c-and t-Al 
where, is the vacuum permittivity, |r ij | is the distance between atoms i and j, q i and 
134
In order to make an adequate selection of low-energy structures, we chose to sample the 135 electrostatic energy only (using the formal charges of the ions) of 10000 randomly generated 136 configurations for each x because most of the contribution to the total potential energy is 137 expected to be electrostatic ( Figure 3 ). higher acceptance rates and preserves dynamical information, whereas its advantages over
176
MD are in its ability to rigorously maintain a simulation temperature and sample broadly.
177
The GSHMC method has been successfully employed in the study of rare events in bio- 
where ACF (l), l = 0, . . . , K ≤ K is the standard autocorrelation function for the time series LLZO at room temperature. Clearly, the simulation time required to adequately capture the 210 diffusional regime, t 0 (slope of unity on the log-log plot), is significantly higher for the t-phase 211 than for the c-phase. To better appreciate this difference, the values of t 0 are reported in 212   Table 3 . Our simulations show that t 0 in c-Al x -LLZO is between one and two orders lower 213 than in t-Al x -LLZO. This result reflects the differences between the energy barriers for a 
where r i (t) is the position of Li ion i at time t. The corresponding values of D Li at each 220 x are also given in Here, we also analyze the radial distribution functions to explain the diffusivity increase 
240
The curves were computed as
where g X Td−Li is the radial distribution function between Al Td (or Li Td ) and the surrounding
242
Li ions. In Fig. 6 we only show g Al Td−Li obtained from the simulations of the Al 0.2 -LLZO 243 system; however, the results are consistent accross all of the investigated Al contents.
244
For c-LLZO (Fig. 6(b) ), the dashed line always remains under the solid line, indicating 245 that, in average, there are less Li ions surrounding an Al Td than a Li Td . In contrast, for 246 t-LLZO ( Fig. 6(a) ) the dashed line is above the solid line for 3.8 < r < 4.5 Å. Analysis of 247 the simulation snapshots revealed a striking feature in t-LLZO, schematically described in In pristine c-LLZO (6(b)) the Li ions are disordered over all available sites (top inset). essentially static, increasing the occupancy to nearly unity (see bottom inset of Fig. 6(b) ).
261
Let us examine more closely the relationship between t 0 and D interesting insights can be obtained by estimating the proportionality constant through decrease at a slower rate between x = 0.17 and to 0.25 (see dd/dx in Table 3 ). The initially Li with x has not been described before. Einstein relationship:
where c Li is the charge carrier density for Li, z Li is the Li ionic charge, F is Faraday's 296 constant, R is gas constant, and T is temperature.
297
There is no consensus in the literature on the predominant phase of Al x -LLZO for 0.10 ≤ analyses from other authors.
309
The mentioned discrepancies can at least be partially explained by uncertainties in bulk 
340
In the following, we compare in further detail the experimental and simulated data for each 341 phase. should be performed at x < 0.10. However, reliable data for such low Al contents is scarce,
363
because accurate control of the sample stoichiometry is difficult and, from a practical stand-364 point, there is no technological interest in the low-conductive t-phase. Bruggeman's effective medium model,
where ν i is phase volume fraction, σ i is conductivity and i = {c, t, m} denotes the cubic, 
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